INTRODUCTION
Zinc is required for the growth and development of animals (Suttle, 2010) . More recently, researchers have noted that supplementing Zn beyond the documented requirement to pigs fed ractopamine hydrochloride (RAC) improved ADG and feed efficiency over RAC alone (Patience and Chipman, 2011; Paulk et al., 2012) . Additionally, in steers supplemented with RAC for 28 d, increasing Zn supplementation linearly increased ADG, final BW, and HCW (Genther-Schroeder et al., 2016) , responses that require further investigation to be better understood.
Ractopamine hydrochloride is approved for feeding during the last 28 to 42 d of the finishing period. However, the apparent diminishing response to RAC as the feeding duration increases from 28 to 42 d (Abney et al., 2007; Edenburn et al., 2014) leads to lesser improvement in performance, relative to the first 28 d of supplementation. Bittner et al. (2015) reported a
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quadratic response to RAC supplementation of 300 or 400 mg•steer -1 •d -1 , as days on RAC increased from 0 to 42 d. This diminishing response appears to be a result of several mechanisms of desensitization within the β-agonist receptor cascade, including increasing cyclic nucleotide phosphodiesterase (PDE) activity to breakdown cyclic adenosine monophosphate (cAMP) and stop the β-agonist signal. However, Zn can act as a PDE inhibitor (von Bülow et al., 2005) and bovine satellite cells in culture increase cAMP production in response to Zn addition to the media (Johnson et al., 2015) . Therefore, Zn supplementation may increase cAMP production, and increase the response to RAC, as well as prevent the diminishing response to RAC as supplementation duration increases. The objectives of this study were to determine the influence of supplemental Zn-amino acid complex (ZnAA) on growth performance and carcass characteristics of finishing steers fed RAC and to determine whether ZnAA supplementation would alter the growth response of steers fed RAC for 28 or 42 d prior to harvest.
MATERIALS AND METHODS
All procedures and protocols were approved by the Iowa State University Institutional Animal Care and Use Committee (log number 7-14-7824-B).
Three hundred twenty-four Angus-cross steers (464 ± 23.4 kg) were utilized in a finishing study to evaluate the influence of supplemental ZnAA on growth performance and carcass characteristics. Steers were purchased from 3 sources, and sources were balanced among pens. Steers were housed in pens of 6 head, with continuous access to shade. All steers were fed the same basal finishing-type diet that included 60 mg supplemental Zn/kg DM from ZnSO 4 ( Table 1 ). Due to the size of the experiment, one group (GRP) of 144 steers (GRP 1) was started 2 wk prior to the second group of 180 steers (GRP 2). Within group, steers were blocked by BW into 4 or 5 blocks, of 6 pens each, and pens within blocks were randomly assigned to dietary treatments at the beginning of the finishing period, supplemented with either 0 (CON; analyzed total diet Zn concentration = 85 mg/kg DM) or 60 (ZN; analyzed total diet Zn concentration = 150 mg/kg) mg Zn/kg DM from ZnAA (AvailaZn; Zinpro Corporation, Eden Prairie, MN). Prior to the start of the study steers were vaccinated against infectious bovine rhinotracheitis virus, type I and II bovine virus diarrhea virus, parainfluenza-3 virus, and bovine respiratory syncytial virus (Bovishield Gold 5; Zoetis, Kalamazoo, MI) and dewormed with eprinomectin Forty-two d prior to slaughter (d 49 and 42 of the experiment for GRP 1 and 2, respectively), pens within dietary treatments were randomly selected to receive RAC (Optaflexx; Elanco Animal Health, Greenfield, IN) at 300 mg·steer -1 ·d -1 for 0 (NoRAC), 28 (28RAC), or 42 d (42RAC) prior to slaughter (n = 9 pens per dietary treatment and RAC duration combination), and were stagger-started on RAC such that all steers within GRP completed the experiment on the same day. Steers were weighed on d -43, -42, -29, -28, -14, and -1 and 0 prior to harvest. All steers within GRP were harvested on the same day at Tyson Fresh Meats (Denison, IA), and HCW data were collected. After a 24-h chill, carcasses were graded according to USDA standards by representatives of the Tri-County Carcass Futurity (Iowa State University Beef Extension, Lewis, IA) and data collected included REA, 12th rib backfat, KPH, marbling score, USDA quality grade (QG), and USDA yield grade (YG). Carcass-adjusted performance variables were calculated by dividing individual Mn 61
Zn 85 1 Vitamin A premix contained 4400,000 IU/kg.
2 Provided per kg of diet: 60 mg Zn; 48 mg Mn; 0.75 mg I; 0.24 mg Se; 17.6 mg Cu; and 0.38 mg Co (all inorganic sources); concentrations from Vasconcelos and Galyean (2007) . Provided either 0 or 60 mg Zn from a Zn-amino acid complex/kg diet DM.
3 Provided at 27 g/909.1 kg of diet (Elanco Animal Health).
HCW with the average dressing percentage (63.6%). A 4% pencil shrink was applied to all live BW measures as well as in the calculation of ADG and G:F. Diet total mixed ration (TMR) samples were collected on a weekly basis, and dried in a forced-air oven at 70°C to determine DM content. Dry matter intake was calculated using as-fed intakes corrected for weekly diet TMR DM. Feed efficiency (G:F) was calculated using the total gain and total DMI between weighing intervals for each pen. Diet samples were ground through a 2-mm screen in a Wiley Mill (Thomas Scientific, Swedesboro, NJ), and samples were composited by month within treatment for trace mineral (TM) analysis.
Feed samples were digested using TM-grade nitric acid (MARSXpress; CEMS, Matthews, NC) prior to analysis for Cu, Fe, and Zn concentrations using inductively coupled plasma optic emission spectroscopy (PerkinElmer, Waltham, MA) as previously described by Pogge et al. (2014) . Composited TMR samples were analyzed for amino acid content at the Experiment Station Chemical Laboratories at the University of Missouri (Columbia, MO; Table 2 ).
Statistical Analysis. Data for the pre-RAC period were analyzed as a completely randomized block design using the MIXED procedure of SAS 9.2 (SAS Inst. Inc., Cary, NC). Pen was the experimental unit (n = 27 pens per treatment), and the model included the fixed effects of dietary treatment and block nested within GRP, and the random effect of pen nested within diet, block, and GRP. Data from 42 to 28 d prior to slaughter, before the 28RAC cattle were receiving RAC, were analyzed as a randomized complete block design using the MIXED procedure of SAS 9.2. Pen was the experimental unit (n = 18 pens per treatment for NoRAC, n = 9 pens per treatment for 42RAC). The statistical model included the fixed effects of dietary Zn treatment, RAC feeding duration, and block nested within GRP and the random effect of pen nested within diet, RAC, block, and GRP. Three a priori individual degree of freedom contrasts were developed, "ZN": the effect of ZnAA supplementation, "RAC": the effect of RAC supplementation, and "ZN within 42RAC": the effect of Zn supplementation within the cattle fed RAC for 42 d. Data for the periods from 28 to 14 d prior to slaughter, 14 d to slaughter, carcass-performance data, and carcass characteristics were analyzed as a randomized complete block design using the MIXED procedure of SAS 9.2. Pen was the experimental unit (n = 9 pens per treatment). The statistical model included the fixed effect of dietary Zn treatment, RAC feeding duration, and block nested within GRP, and the random effect of pen nested within diet, RAC, block, and GRP. Five a priori individual degree of freedom contrasts were developed, "RAC": the effect of RAC supplementation,"ZN within NoRAC": the effect of Zn supplementation within the cattle not fed RAC, "ZN within 28RAC": the effect of Zn supplementation within the cattle fed RAC for 28 d, "ZN within 42RAC": the effect of Zn supplementation within the cattle fed RAC for 42 d, and "ZN × RAC duration": the interaction between CON and ZN within steers fed RAC for 28 or 42 d. Normalcy and homogeneity of variance were tested using the Shapiro-Wilks test, and data transformations were found unnecessary. Outliers were determined using Cook's D statistic and removed if Cook's D > 0.5. Data reported are least squares means ± SEM. Significance was declared at P ≤ 0.05 and tendencies from P = 0.06 to 0.10.
RESULTS
Pre-RAC Period. Supplemental ZnAA did not impact BW or ADG during the first 35 d (P ≥ 0.19; Table 3 ). Similarly, ZnAA did not impact steer DMI or G:F (P ≥ 0.45) during this period.
Days -42 to -28 Prior to Slaughter. Between d -42 to -28 prior to slaughter, only steers assigned to 42RAC were receiving RAC supplementation, thus steers des- ignated as future 28RAC steers were included in the non-RAC data. There was a clear effect of RAC on live performance during this period, where steers receiving RAC had greater ADG and G:F (P < 0.0001) compared to non-RAC supplemented steers (Table 4) . There was no effect of ZN within 42RAC (P ≥ 0.26) on steer performance from the period of 42 to 28 d prior to harvest. Days -28 to -14 Prior to Slaughter. Between d -28 to -14 prior to slaughter, steers in both the 28RAC and the 42RAC treatments were receiving RAC. There was an effect of RAC on live performance, where RACsupplemented steers had greater ADG (P = 0.03) and G:F (P = 0.03) relative to NoRAC steers (Table 5 ). There was a clear effect of ZN within 28RAC steers where Zn-supplemented steers had greater ADG than nonZnAA-supplemented steers (2.45 and 2.10 ± 0.104 kg/d, respectively; P = 0.02). Similarly within 28RAC steers, ZnAA-supplemented steers had greater G:F (0.185) than CON steers (0.157 ± 0.0089; P = 0.03). There was no interaction between CON and ZN within RAC supplementation (P ≤ 0. 21) for BW, ADG, DMI, or G:F.
Day -14 to Slaughter. There was an overall effect of RAC to continue increasing ADG (P = 0.0004) and G:F (P < 0.0001) in 28RAC and 42RAC cattle relative to NoRAC cattle during the period of -14 to slaughter. There was no effect of ZN within 28RAC or 42RAC on DMI (P ≥ 0.71), but within NoRAC steers, ZN steers had greater DMI than CON steers during this period (P = 0.006). There was no interaction between CON and ZN within RAC supplementation (P ≤ 0.86) for BW, ADG, DMI, or G:F.
Carcass-Adjusted Performance. Steers supplemented with RAC had greater carcass-adjusted final BW (P = 0.004; Table 6 ), overall ADG (P = 0.004), and overall G:F (P = 0.0002). There was no difference in carcass-adjusted performance measures (P ≥ 0.39) for non-RAC-supplemented steers due to ZN. In contrast, ZN+28RAC steers had greater carcass-adjusted ADG (P = 0.04), final BW (P = 0.04), and G:F (P = 0.04) than CON+28RAC steers, and ZN+42RAC had greater carcass-adjusted final BW (P = 0.05) and tended to have greater overall ADG (P = 0.10) than CON+42RAC steers. There was no interaction between CON and ZN within RAC supplementation (P ≤ 0. 71) for carcass-adjusted performance Carcass Characteristics. Steers supplemented with RAC had greater HCW (P = 0.004) and REA (P = 0.007) relative to NoRAC steers, and ZN+28RAC and ZN+42RAC steers had greater HCW than those steers receiving RAC but not receiving supplemental ZnAA (P ≤ 0.05). Backfat (P ≥ 0.40), marbling score (P ≥ 0.11), and yield grade (P ≥ 0.18) were unaffected by RAC or ZnAA supplementation. There was a tendency for ZN+28RAC steers to have a greater QG than CON+28RAC steers (P = 0.10). There was no interaction between CON and ZN within RAC-supplemented steers for carcass characteristics (P ≤ 0.13) except for QG (P = 0.05) where CON+28RAC were not different from CON+42RAC steers (P = 0.27), but ZN+28RAC steers tended to have greater QG than ZN+42RAC steers (P = 0.10).
DISCUSSION
In the present study, ZnAA supplementation did not influence growth, DMI or G:F prior to RAC supplementation. In contrast, previous research demonstrated that supplementation of 60 mg Zn from ZnAA/ kg diet DM tended to increase ADG and BW in feedlot steers (Genther-Schroeder et al., 2016) . While the supplemental ZnAA concentration was similar between the 2 studies, in the previous work, steers received supplemental ZnAA for 86 d prior to beginning RAC, whereas in the current study, steers received supplemental ZnAA for 42 or 49 d prior to beginning RAC. Although the difference in days on ZnAA may have influenced pre-RAC period performance between the 2 studies, in this study steers that did not receive RAC, and were supplemented with ZnAA for 84 to 91 d, did not have a growth response to ZnAA supplementation.
Overall, non-ZnAA-supplemented steers that received 300 mg RAC per d for 28 d had a live BW increase of 5.9 kg relative to cattle receiving 0 mg of RAC, very similar to the results reported by Bittner et al. (2015) where steers receiving 300 mg RAC daily for 28 d had a 5.9 kg live BW advantage over non-RAC-supplemented cattle. However, those authors also reported that cattle that received 300 mg RAC daily for 42 d prior to harvest were 13.2 kg heavier at harvest relative to non-supplemented cattle. In the current study, the response to 42 d of RAC supplementation was lesser, increasing by 7.5 kg relative to non-RAC-supplemented cattle. Although the reason for the different responses is unclear, it may be influenced by the strategy employed to alter duration of RAC supplementation. Cattle in the study by Bittner et al. (2015) began RAC supplementation at the same time, regardless of treatment duration. In that case, cattle supplemented with RAC for 42 d remained on feed for a longer period of time, unlike the current study, where all cattle were harvested at similar days on feed and RAC supplementation was stagger started to prevent confounding factors at harvest. The biological mechanisms underlying RAC-induced growth in late finishing cattle are not fully understood, and future work including cattle of varying degrees of body composition would be beneficial to achieve optimal growth responses to RAC. Zinc-amino acid complex supplementation greatly augmented the response to RAC. Steers that received ZnAA in addition to RAC supplementation had greater carcass-adjusted performance than steers supplemented with RAC alone, regardless of duration of RAC supplementation. These results are similar to those previously reported by Genther-Schroeder et al. (2016) , where steer ADG, BW, and HCW increased linearly with increased ZnAA supplementation (0, 30, 60, or 90 mg Zn from ZnAA/kg DM, in addition to 88 mg Zn/kg DM in the basal diet) in RAC-fed steers. Alternatively, work completed by Bohrer et al. (2014) noted that supplementation of 1,000 mg of Zn/d from Zn-propionate (approximately 110 mg supplemental Zn/kg diet DM, total dietary Zn = 159 mg/kg DM) in combination with RAC did not improve performance beyond RAC alone when fed to finishing steers. However, in that study, Zn was only supplemented during the RAC feeding period, and in the current study, ZnAA was supplemented for at least 42 d prior to beginning RAC supplementation, as well as 86 d prior to beginning RAC in previous work (GentherSchroeder et al., 2016) , which may explain the differences. Alternatively, Edenburn et al. (2015) found in a follow-up study, that when Zn-propionate was supplemented (1,000 mg Zn/d, total dietary Zn not reported) for 35 d prior to the start of RAC supplementation for 28 d (400 mg RAC•steer -1 •d -1 ) there was no additional performance improvement compared with steers only supplemented with RAC. In addition, the influence of Zn source on RAC response has not been investigated. In the present study, non-ZnAA-supplemented steers had an HCW increase of 0.7% and 0.4% in response to RAC, for 28RAC and 42RAC steers, respectively. However, this response was increased to 2.0% and 1.5% greater HCW compared to NoRAC steers, for 28RAC and 42RAC, respectively, when ZnAA was supplemented to these treatments. The actual mechanism behind the ZnAA augmentation of RAC-induced growth remains to be elucidated, although several hypotheses have emerged.
Researchers have suggested that β-agonists may alter nutrient requirements of the animal (Mitchell et al., 1991; Xiao et al., 1999; Walker et al., 2006) . However, evidence for an increased need for protein, specific amino acids, or energy is limited. Research has demonstrated that pigs fed ractopamine hydrochloride do not require additional protein (Mitchell et al., 1991; Xiao et al., 1999) . Walker et al. (2006) found that increasing dietary metabolizable protein did not influence the response to RAC in heifers. The amino acid profile of both ZnAA-supplemented and non-supplemented diets were analyzed, and it is clear that the amino acid profile and total content of each diet are very similar, and the addition of ZnAA to the diets likely does not contribute sufficient amino acids to affect performance. Although macronutrient requirements may not change in response to β-agonist supplementation, micronutrient requirements have not been evaluated. Other growth-enhancing technologies have been shown to influence micronutrient retention. Sheep implanted with zeranol have increased apparent absorption and retention of Zn (Hufstedler and Greene, 1995) . Zinc sulfate supplementation of steroid-implanted finishing steers increased ADG relative to non-Zn-supplemented steers (Huerta et al., 2002) . The Zn requirements of rapidly growing cattle have not been directly evaluated, but it is possible that the rapid growth induced by growthpromoting technologies may require additional nutrients including Zn, or that growth potential may be achieved with optimal supplementation. Decreasing weight gain and nitrogen retention led to a decrease in Zn retention (Stake et al., 1973) , suggesting that Zn homeostasis is linked to protein deposition, which is increased by growth-promoting technologies. In addition, dietary Zn deficiency exacerbated the negative weight gain response to dietary protein deficiency in rats (Oberleas and Prasad, 1969) . Although the NRC (2000) states that the Zn requirement of beef cattle is 30 mg Zn/kg DM, this requirement is based on the concentration preventing signs of deficiency, not optimizing performance.
The cattle in this study grew very rapidly with ADG of 2.08 kg/d on average over the entire finishing period, and diet Zn concentrations could have contributed to this growth as even the CON diet contained approximately 2.5-fold the Zn concentration recommended by the NRC (2000). Despite total dietary Zn concentrations approximately fivefold greater than recommendations, ZN+RAC cattle had greater performance, suggesting that Zn may have been limiting. However, as ZnAA supplementation did not augment the response within NoRAC cattle, despite impressive growth rates, Zn may be acting within the β-adrenergic receptor (βAR) cascade to increase the response to the β-agonist RAC.
Ractopamine hydrochloride is approved for use in cattle for the last 28 to 42 d of the finishing period. However, the response to increasing duration of RAC supplementation is quadratic, where the incremental increase in live BW decreases as days on RAC increases (Abney et al., 2007; Bittner et al., 2015) . The diminishing response to RAC is likely due to desensitization within the βAR cascade (Spurlock et al., 1994; Perry et al., 2002) , including activation of cyclic nucleotide PDE, which degrades cAMP, and decreases the signal. However, Zn can act as a PDE inhibitor (von Bülow et al., 2005) , which could counteract the desensitization that occurs as days on RAC increase. Cyclic-AMP hydrolysis and PDE protein expression are inhibited by Zn Table 5 . Effect of a zinc-amino acid complex and ractopamine hydrochloride (RAC) feeding duration from day -28 prior to slaughter to the end of the experiment on performance of finishing steers 1 Pens n = 9 n = 9 n = 9 n = 9 n = 9 n = 9 Days relative to slaughter in human monocytes (von Bülow et al., 2005) . In addition, mice lacking ZIP14, the main intracellular Zn importer, display poor growth, greater PDE activity, and lesser cAMP expression than wild-type mice (Hojyo et al., 2011) . As the action of the β-agonist RAC is dependent on cAMP, it was hypothesized that ZnAA supplementation would alter the response to RAC by preventing rapid desensitization of the β-adrenergic agonist receptor through inhibition of PDE activity. Increasing ZnAA supplementation linearly increased plasma cAMP in previous work (Genther-Schroeder et al., 2016) supporting the hypothesis that this is a potential mechanism by which supplemental ZnAA is augmenting the RAC response. However, as evidenced by the lack of an interaction within 28RAC and 42RAC between CON and ZN cattle in the present study, ZnAA supplementation does not appear to change the response to RAC feeding duration.
Interestingly, despite the fact that ZnAA supplementation did not statistically affect live performance of the cattle supplemented with RAC for 42 d, a slower, more steady numerical increase in ADG in ZnAA supplemented steers led to an overall increase in HCW and carcass-adjusted performance. Alternately, ZnAA supplementation increased both the live performance and the carcass-adjusted performance of 28RAC cattle. The ZN+42RAC may have been accreting more protein in response to ZnAA and RAC supplementation when compared to ZN+28RAC steers, leading to the differences in live performance, but similar carcass performance. The 42RAC steers weighed an average of 545 ± 1.2 kg when they began receiving RAC, whereas the 28RAC steers weighed 592 ± 1.8 kg. The difference in beginning BW may have influenced the response to RAC and Zn supplementation. Although research has not determined how duration of β-agonist supplementation may influence composition of gain, initial weight may play a role in the response. Previous research has demonstrated that the response to β-agonists can be influenced by initial weight, as rats administered clenbuterol (Greife et al., 1989) and bulls supplemented with cimaterol (Vestergaard et al., 1994) , had increased gain in response to β-agonists when Pens n = 9 n = 9 n = 9 n = 9 n = 9 n = 9 HCW, kg 407 initial weights were heavier, relative to lighter animals. In addition, Winterholler et al. (2007) suggested that the influence of initial weight might be due to the presumably larger fat stores available in heavier animals for lipolysis to provide energy for protein deposition due to the β-agonist. This could explain the lack of difference between 28RAC and 42RAC HCW and carcass-adjusted performance across all treatments. Overall, ZnAA supplementation increased the live performance and carcass response of steers supplemented with RAC. However, 60 mg of Zn from ZnAA/ kg diet DM did not alter the response to RAC as steers supplemented with ZnAA performed similarly whether they received RAC for 28 or 42 d. Supplementation with ZnAA did not alter growth in the absence of RAC.
Overall, there appears to be a synergy between ZnAA and RAC that further increases performance of cattle during the final 28 d of the finishing period. The additional HCW in Zn-supplemented, RAC-fed cattle represents an economic opportunity for the cattle feeder to optimize cattle performance.
